Abstract. Aerosols are often advected above cloud decks, and the amount of aerosols over cloud has been 10 assumed to be similar to those at the same heights in nearby clear sky. In this assumption, cloud and aerosol above cloud top height are considered randomly located with respect to each other. The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) data are analyzed here to investigate this assumption on global scales.
reflection of solar radiation from clouds can contribute to the background noise in the lidar profiles, and could, in a similar manner, lead to undetected faint aerosol layers above clouds (Kacenelenbogen et al., 2014) .
The layers that are identified by the iterative layer detection algorithm are separated into cloud and aerosol layers based on their backscatter signals in all three channels, as well as their altitude and geographical position (Liu et al., 2009) . However, the cloud-aerosol separation algorithm is applied for features detected at a 5 horizontal averaging resolution of 5km or lower. All features detected at one single shot are classified as clouds.
In regions with large dust emissions this can lead to misclassifications of dense dust layers as clouds.
Features identified as aerosols are further categorized according to aerosol type (Omar et al., 2009 ). The CALIPSO algorithm uses six different characteristic aerosol models to represent atmospheric aerosols: dust, polluted dust, smoke, clean marine, clean continental, and polluted continental. These representative aerosol 10 models include assumptions about the particle size distribution as well as the optical properties of the aerosol.
The aerosol extinction coefficients are derived based on the aerosol model and the corresponding representative lidar ratio associated with each aerosol type. Thus, the total aerosol extinction and AOD is dependent on the accuracy of the aerosol model and that the correct aerosol model is chosen for an aerosol layer.
Methodology
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To investigate aerosol abundance above low clouds, we use the CALIPSO level 2 data to calculate the AOD above the maximum low-cloud top height in each grid cell in clear sky as well as the AOD above low clouds on a global 2°×5° latitude-longitude grid. We use version 3.01 of the level 2 data which covers the time period from June 2006 to October 2011. The daytime and nighttime data are analyzed separately. We focus primarily on daytime data here because aerosol direct radiative forcing is due almost entirely to the absorption and scattering 20 of solar radiation. However, nighttime data which have higher SNR, is included for reference. We study the AOD above low clouds since aerosols are typically advected above low clouds, and the low-cloud-top height provides a more uniform reference altitude than a combination of all clouds.
In this study, the aerosol profile product and cloud layer products are used. The horizontal resolution of the level 2 aerosol profile product is 5 km along the satellite ground track, while cloud layer products are 25 available at 5 km and 1/3 km (corresponding to one single lidar shot) horizontal resolutions. The cloud layer products are utilized to identify and separate 5 km horizontal resolution clear sky aerosol extinction profiles from profiles containing low clouds. In the CALIPSO data products, low clouds are defined as clouds with tops below 680 hPa (Liu et al., 2005) . The detection ability of the CALIPSO feature detection algorithm is dependent on the spatial averaging of the lidar backscatter data. Tenuous features typically require averaging over a large 30 horizontal distance to be detected, while more opaque layers require less horizontal averaging to be detected. The 5 km cloud layer product contains all the cloud layers detected by the CALIPSO feature detection algorithm at horizontal averaging resolutions of 5 km or lower in the iterative feature scanning procedure (cf. Vaughan et al. 2009 for a detailed description of how atmospheric features are identified). Cloud layers detected at higher horizontal resolution (at one single lidar shot) are reported separately in the 1/3 km cloud layer product. Clouds 35 detected in one single shot are typically optically thick boundary layer clouds, e.g. stratocumulus ). However, in desert regions dense dust layers are sometimes detected in one single shot but are reported in the 1/3 km cloud layer product. Thus, part of the low clouds identified in these regions might be dust aerosols.
Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -127, 2016 Manuscript under review for journal Atmos. Chem. Phys. The aerosol extinction coefficient at 532 nm from the two-dimensional aerosol profile product is aggregated onto a three-dimensional grid with a horizontal latitude-longitude resolution of 2°×5°. The 5 km horizontal resolution aerosol extinction profiles are separated into clear sky profiles and profiles containing low clouds. The classification procedure is illustrated in Fig. 1 . The aerosol extinction profiles for which the 5 km 10 cloud layer product reports a cloud layer are categorized as overcast (column 2 in Fig. 1 ). However, profiles where the 5 km cloud layer product reports a cloud free column can still contain cloud layers detected at higher resolution (i.e. clouds reported in the 1/3 km cloud layer product). If the 5 km cloud layer product reports a cloud free 5 km profile, the 5 km resolution cloud fraction derived from the 1/3 km cloud layer product is checked. If this cloud fraction is one or zero, the profile is categorized as overcast (column 4 in Fig. 1 ) or cloud free (column 15 3 in Fig. 1 ), respectively. If the 5 km cloud fraction is less than one but larger than zero, the aerosol extinction is weighted by the cloud fraction into clear and cloudy profiles accordingly (column 1 in Fig. 1 ). Two types of gridcell average monthly mean aerosol extinction coefficient profiles, one cloudy and one clear-sky, are then calculated for each 2°×5° grid cell, based on all the cloudy and clear 5 km aerosol extinction coefficient profiles collected in each 2°×5° grid cell during one month.
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The two types of monthly mean aerosol extinction coefficient profiles are integrated through the atmosphere down to the maximum low-cloud-top height found in each 2°×5° grid cell for each month and year.
The maximum low-cloud-top height is defined as the single largest value of the low-cloud-top heights found in a 2°×5° grid-cell, considering both the 1/3 km and 5 km resolution cloud data. The maximum low-cloud-top height is chosen as reference height to eliminate spurious effect arising from aerosol sampling deficiencies in cloudy 25 profiles at altitudes below the maximum cloud-top height. Thus, a grid-cell average AOD above low clouds and an AOD in clear sky are derived above the same maximum low-cloud-top height detected in each 2°×5° grid cell. The AOD integrated down to the maximum low-cloud-top height, both in clear sky and when low clouds are detected, will hereafter be referred to as AODct. ΔAODct here will designate the difference between AODct above low clouds and AODct in clear sky, and positive values mean that AODct above low clouds is larger than 30 AODct in clear sky.
In addition to the AOD, we calculate the low-cloud fraction for each 2°×5° grid cell. This twodimensional low-cloud fraction is derived from the fraction of 5 km resolution profiles that contain low clouds combined with the 5 km resolution low-cloud fraction derived from the 1/3 km cloud layer product described above.
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We apply a data quality control similar to that of Winker et al. (2013) . Only aerosol or cloud samples with a Cloud Aerosol Discrimination (CAD) score with an absolute value equal to or greater than 20 are used in the analysis. Moreover, we screen the data for the Extinction Quality Control (QC) flag. Only samples with QC values corresponding to 0, 1, 16 and 18 are included in the analysis (cf. Winker et al., 2013) . Screening for Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -127, 2016 Manuscript under review for journal Atmos. Chem. Phys. Published: 12 February 2016 c Author(s) 2016. CC-BY 3.0 License. extinction uncertainty is done to ensure that profiles containing samples with an uncertainty of 99.9 km −1 , which indicates failed retrieval with respect to the uncertainty estimate, are not included.
Results
Figs. 2 and 6 display the multi-year seasonal average difference between AOD above the maximum low-cloudtop height when and where low clouds are present and AOD above the same height in clear sky, denoted as ΔAODct results, although the nighttime AODct has not been separated for different aerosol types.
In the boreal spring, dust and pollution are transported from the Eurasian continent over to the North Pacific Ocean (e.g. VanCuren, 2003; Husar et al., 2001; Merrill et al., 1989) . Over the northeastern Pacific Ocean, the daytime AODct above low clouds due to polluted and pure dust is lower than the clear sky AODct for these aerosol types (Figs. 7a and b) . This difference can be observed both in MAM and JJA. A similar AODct 25 difference for all aerosols between cloudy and clear skies is also visible in the nighttime data (Figs. 6b and c) .
Pollution over India contains aerosols from fossil fuel combustion and biomass burning (Gustafsson et al., 2009 ).
The main contributions to the daytime AODct above low clouds in this region come from aerosols identified as polluted and pure dust in the CALIPSO data. The daytime dust AODct above low clouds is lower than AODct in clear sky over India in JJA (Fig. 7c) . Over Eastern China, where fossil fuel combustion is the dominating aerosol 30 source (Chen et al., 2013) , the AODct consists of contributions from smoke, dust and polluted dust. However, the daytime ΔAODct field over China is generally noisy. Similarly, the nighttime ΔAODct field over South and East
Asia shows large spatial variations.
During the biomass burning season in southern Africa (August to October) smoke aerosol is advected over the tropical southeastern Atlantic Ocean (e.g., Anderson et al., 1996; Edwards et al., 2006) . Large amounts 35 of low cloud in combination with the absorbing properties of smoke from biomass burning make this region one of the particular interests for quantifying AOD above clouds. In September, October and November (SON), daytime smoke AODct above low clouds derived from the CALIPSO data is lower than that in clear sky in this region (Fig. 7d) . This is also the season when the magnitude of global average daytime ΔAODct is largest, ( 2) and the contribution from smoke aerosol to the total daytime AODct above low clouds is largest, 23% (Table   1 ). However, a corresponding difference is not visible in the data from nighttime retrievals (Fig. 6d) .
Similar to the daytime smoke AODct difference over the tropical Atlantic Ocean, the daytime smoke AODct in clear sky is larger than above low cloud over the South American continent, another region where biomass burning aerosols are emitted during SON. The corresponding nighttime ΔAODct in this region is noisier 5 than the daytime ΔAODct.
Discussion and Conclusions
Like any observation, the CALIPSO data are subject to uncertainties. That said, we have offered the first observational quantification of the difference between AODs above cloud-top height in clear sky and where low clouds are detected.
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The spatial distribution of the daytime difference between AODct in clear sky and above low clouds is found not to be random. Over ocean regions where low cloud fraction is large (i.e. the tropical southeast Atlantic
Ocean and northeast Pacific Ocean), the daytime AODct in clear sky typically exceeds that above low clouds.
These are also the areas where aerosols are frequently observed above clouds (Devasthale and Thomas, 2011).
In general, daytime AODct above low clouds is smaller than that in clear sky. The largest global 15 average seasonal daytime difference is -6.01×10 −3 during SON. On the other hand, the nighttime seasonal global average AODct above cloud is larger than that in clear skies, and the largest global average seasonal difference is 2.22×10 −3 in MAM. However, the nighttime ΔAODct spatial distribution is noisier than that derived from daytime data, and the magnitude of the nighttime global average ΔAODct is smaller than the corresponding daytime values.
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The results presented in this study indicate that daytime AOD above low clouds is generally lower than that in clear sky at the same height over e.g., the southeastern Atlantic Ocean during SON. The local AODct above low clouds is up to 0.04 lower than that in clear sky, although the results of Wilcox (2010) but also on the surface albedo during the daytime (cf. Hunt et al. 2009; Vaughan et al. 2009; Chepfer et al. 2013; Kacenelenbogen et al. 2014) . This means that the daytime AODct above low bright clouds reported here might be underestimated compared to the AODct in clear sky in the same grid cell. Thus, the negative daytime ΔAODct might simply be a result of systematic differences between the detection thresholds in clear sky and above low bright clouds. Moreover, it is possible that the lower albedo of the ocean surface compared to that of land 35 enhances the AODct bias between clear and cloudy sky over the ocean. The absence of a pronounced difference between the AODct above low cloud and the AODct in clear sky over the southeastern Atlantic Ocean during SON derived from nighttime retrievals is consistent with this conjecture. However, differences in meteorological conditions as well as differences in the aerosol distribution during the daytime and nighttime might also Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -127, 2016 Manuscript under review for journal Atmos. Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -127, 2016 Manuscript under review for journal Atmos. Chem. Phys. Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -127, 2016 Manuscript under review for journal Atmos. Chem. Phys. Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -127, 2016 Manuscript under review for journal Atmos. Chem. Phys. Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -127, 2016 Manuscript under review for journal Atmos. 
